Identification of novel proteins involved in retinal neovascularization may facilitate new and more effective molecular-based treatments for proliferative retinopathy. Tubedown-1 (Tbdn-1) is a novel protein that shows homology to the yeast acetyltransferase subunit NAT1 and copurifies with an acetyltransferase activity. Tbdn-1 is expressed in normal retinal endothelium but is specifically suppressed in retinal endothelial cells from patients with proliferative diabetic retinopathy. The purpose of this study was to investigate the importance of Tbdn-1 expression in retinal blood vessels in vivo. METHODS. A bitransgenic mouse model that enables conditional knockdown of Tbdn-1 specifically in endothelial cells was produced and studied using molecular, histologic, and immunohistochemical techniques and morphometric analysis.
I
n blinding ocular diseases such as proliferative diabetic retinopathy (PDR) and retinopathy of prematurity (ROP), initial retinal ischemia progresses to a proliferative stage that involves both neovascularization and fibrosis of the retina and results in the formation of preretinal membranes. [1] [2] [3] [4] [5] [6] [7] [8] A significant cause of blindness associated with both PDR and ROP results from retinal detachment caused by membranous traction. [1] [2] [3] [4] [5] [6] [7] [8] Laser photocoagulation of avascular regions of the retina reduces blindness in patients with neovascular retinopathies. [1] [2] [3] [4] [5] [6] [7] [8] However, this treatment is ablative and may not prevent the sightimpairing complications associated with the retinopathy. [1] [2] [3] [4] [5] [6] [7] [8] Elucidating the molecular processes of proliferative retinal disease and designing therapies to target molecular abnormalities may offer a means to replace laser surgery and prevent associated complications.
The molecular events leading to the angiogenic process in PDR and ROP are believed to be mediated by increased expression of proangiogenic growth factors (vascular endothelial growth factor [VEGF] , basic fibroblast growth factor [bFGF] , and insulin-like growth factor [IGF-1]). 5,9 -11 Integrins, extracellular matrix (ECM) components, and glial cells also contribute to pathologic neovascularization in PDR. 5,10 -13 Increased production of VEGF in the retina is probably the determining factor in the proliferative neovascularization that leads to pathologic sequelae in later stages of diabetic retinopathy (DR). 9, 10, 14, 15 Treatments specifically targeting either VEGF and its receptors or specific integrins have been effective in reducing but not abolishing retinal neovascularization in animal models. 9 Moreover, these treatments do not completely or consistently rescue preexisting disease. Because a range of angiogenic factors in the microenvironment probably promote retinal blood vessel proliferation, the targeting of one type of factor for antiangiogenic therapy may not completely counter the neovascularization in DR. The characterization of common regulators acting in diverse angiogenic pathways is key to identifying targets that could have a more global effect on controlling retinal neovascularization.
Tubedown-1 (Tbdn-1) is a mammalian homologue of the yeast acetyltransferase subunit NAT1. 16 Tbdn-1 expression is regulated during development and becomes restricted to normal ocular endothelial cells, atrial endocardium, blood vessels of regressing ovarian follicles, and bone marrow capillaries in adults. 16, 17 We have found that Tbdn-1 expression is suppressed in retinal blood vessels in patients with PDR. 17 Both in vitro experiments and in vivo observations have suggested that Tbdn-1 suppression in retinal endothelial cells leads to increased angiogenesis. 16 -18 Collectively, these data have led us to hypothesize that Tbdn-1 functions to suppress retinal neovascularization in vivo. To directly examine whether Tbdn-1 is an important regulator of retinal neovascularization in vivo, we have generated a binary antisense TBDN-1 (ASTBDN-1) transgenic mouse model driven by TIE2 panendothelial promoter to enable conditional knockdown of Tbdn-1 expression in endothelial cells. We present in vivo evidence for the requirement of Tbdn-1 expression for the maintenance of normal adult retinal vascular homeostasis.
METHODS

Endothelium-Specific Conditional Knockdown of Tbdn-1 in a Bitransgenic Mouse Model
To facilitate conditional knockdown of Tbdn-1 in endothelial cells in mice, we derived two different lines of transgenic mice. For the construction of the first line, the BamHI/PvuII fragment from pcDNA3.1/Zeo-ASTBDN-1 18 containing the antisense cDNA fragment sequence 1-1413 of TBDN-1 was inserted into the pTRE vector (BDClonetech, Palo Alto, CA) at the BamHI and PvuII sites. This antisense TBDN-1 fragment 1413-1 does not produce aberrant proteins that could confer toxic and nonspecific effects. The resultant construct pTRE/ASTBDN-1 was digested with AatII and PvuII. The fragment containing the TRE promoter followed by ASTBDN-1 (TRE/ASTBDN-1) was used to create FVB transgenic mouse lines (Transgenic Core Facility, Children's Hospital Research Foundation, Cincinnati, OH).
Construction of the second line of transgenic mice was as follows: A DNA fragment encompassing coding sequences for rtTA followed by the SV40 polyA site were amplified by PCR from the pTet-On vector (BD-Clonetech) using the following primers: 5Ј-CGGCCCCGAATTA-ATATGGCTAGATTA-3Ј and 5Ј-TCCATTTTAGCGGCCGCAGCTCCT-GAA-3Ј. The purified amplicon was digested with HindIII and NotI and inserted into the pHHSDKXK construct 19 previously digested with HindIII and NotI, removing the HH (HindIII to HindIII) portion of the promoter and the coding sequences for LacZ (SDK). The resultant construct, pHrtTAXK, was digested with ApaI and ligated with the HH portion of the promoter previously amplified from the pHHSDKXK construct (using primers 5Ј-TGGTACCGGGCCCCCCCT-3Ј and 5Ј-TCATCGCGGGCCCTGGTGGCCCT-3Ј), and digested with ApaI. Orientation of the TIE2 promoter in the construct was verified to be as previously described for endothelial specificity. 19 The resultant construct pHHrtTAXK was digested with KpnI and the fragment harboring the TIE2 promoter, rtTA coding sequence, SV40 polyA site, and TIE2 enhancer (TIE2/rtTA/Enh) was used to create FVB transgenic mouse lines (Transgenic Core Facility at Children's Hospital Research Foundation).
Genotyping was performed by Southern blot analysis using either a probe encompassing the TRE promoter for the TRE/ASTBDN-1 transgenic lines or a probe encompassing the coding sequence for rtTA for the TIE2/rtTA/Enh lines. Lines positive for HHrtTAXK transgene integration were further tested for rtTA protein expression by Western blot analysis 18 of lysates of tail specimens and by immunohistochemistry of the vasculature, with an affinity-purified rabbit polyclonal antibody that recognizes the VP-16 sequence present in the rtTA protein (BD-Clonetech). FVB transgenic lines were backcrossed into the C57BL/6 background. Bitransgenic TIE2/rtTA/Enh-TRE/ASTBDN-1 mice were derived by mating four different TRE/ASTBDN-1-positive lines to five different TIE2/rtTA/Enh-positive lines.
For conditional knockdown of Tbdn-1, induction with doxycycline (Dox) was performed by feeding adult animals with commercially prepared mouse chow containing Dox (600 mg/kg; Bio-Serv, Frenchtown, NJ). Dox-fed mice were killed at various time points and analyzed grossly, histologically, and immunohistochemically for disease. The care and use of animals in this study followed the guidelines set forward by the Canadian Council on Animal Care and were approved by the Institutional Animal Care Committee of Memorial University of Newfoundland. All experiments involving animals adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Mouse Anti-Tbdn-1 Serum and Western Blot Analysis for Retinal Tbdn-1
To generate a mouse anti-Tbdn-1 serum (MS.C1-20TD), mice were immunized with a peptide corresponding to the amino acid sequence 10-20 of mouse Tbdn-1 16 coupled to cBSA (Pierce, Rockford, IL). The specificity of the mouse anti-Tbdn-1 antiserum, was validated by confirming that recombinant Tbdn-1 protein was immunoprecipitated by MS.C10-20TD antiserum. Briefly, in vitro translation of Tbdn-1 was performed with a translation/transcription system (TNT T7 Quick Coupled Transcription/Translation System; Promega, Madison, WI), using [ 35 S]-methionine/cysteine and the pcDNA3.1-TBDN-1 construct. 16 Analysis of immunoprecipitations of in vitro-translated 35 Slabeled Tbdn-1 with the mouse anti-Tbdn-1 serum MS.C10-20TD was as has been described. 18 Retinas from Dox-induced TIE2/rtTA/Enh-TRE/ ASTBDN-1 and control mice were isolated from surrounding sclera, vitreous, and other ocular tissues. Western blot analysis for Tbdn-1 expression in retinal tissues from Dox-induced TIE2/rtTA/Enh-TRE/ ASTBDN-1 and control mice was performed with chicken anti-Tbdn-1 AB1272 antibody, as has been described. 18 
Histology and Immunohistochemistry of Tbdn-1-Suppressed Mice
Mouse tissues were fixed in 4% paraformaldehyde, embedded in paraffin or methacrylate resin, and processed for histology and immunohistochemistry, as previously described. 18, 20 Sections were stained with hematoxylin and eosin (H&E), toluidine blue, or different antibodies. Antibodies used for immunohistochemistry included chicken anti-Tbdn-1 Ab1272 antibody, 16 mouse anti-Tbdn-1 serum MS.C10-20TD, rabbit anti-VP-16 (BD-Clonetech), rabbit anti-von Willebrand factor (vWF; Dako, Carpinteria, CA), rabbit anti-laminin (Dako), mouse anti-glial fibrillary acidic protein (GFAP), and mouse anti-␣ smooth muscle actin (␣-SMA; Sigma-Aldrich). Mouse anti-basement membrane heparan sulfate proteoglycan (HSPG) antibodies C17 21 and -33 22 were obtained from Developmental Studies Hybridoma Bank (University of Iowa, Iowa City, IA). Immunohistochemistry reactions were developed with a species-appropriate secondary antibody (Promega) conjugated to alkaline phosphatase or horseradish peroxidase. The sections were counterstained with methyl green and mounted (Permount; Fisher Scientific, Pittsburgh, PA). Sections destined for peroxidase development were previously incubated in 0.3% hydrogen peroxide for 10 minutes to block endogenous peroxidase activity. Before incubation with anti-laminin, tissues were digested with 0.1% trypsin at 35°C for 20 minutes. Mouse antibodies were applied after a 30-minute incubation in rabbit anti-mouse blocking preparation.
Blood Vessel Counts and Morphometric Analysis
Tissue sections of retina, choroid, liver, kidney, brain, and testes were examined under a light microscope using a CCD camera (QImaging; Burnaby, British Columbia, Canada) and digital imaging software (Openlab; Improvision, Lexington, MA) at 250ϫ magnification (liver, brain, kidney, and testes) or 400ϫ magnification (retina and choroid) after H&E staining and/or immunostaining with laminin or vWF-specific antibodies, as described earlier. Blood vessel densities were observed in detail in liver parenchyma, kidney cortex, testis interstices, cerebral cortex, areas along surfaces of brain ventricles, and cerebellum. Areas along surfaces of brain ventricles were sampled, because this aspect of the brain most closely resembles inner layers of the retina. For retinal and choroidal tissue analysis, digital photographs were taken in areas of the central retina where disease is mostly observed. The blood vessels in the different retinal layers and choroid were counted per square micrometer of each layer. For retina and choroid, 25 specimens (mice) consisting of 14 control and 11 Doxinduced bitransgenic mice (three 2-week Dox-induced, five 6 week Dox-induced, and three 12-week Dox-induced) were analyzed. Liver parenchyma and kidney cortex blood vessels were counted in 10 random nonoverlapping areas (35,200 m 2 /area) within two independent sections for each treatment with two specimens per treatment. Tissue thickness in the inner and outer retinal layers and choroid was measured using digital calipers, and blood vessel counts were performed by counting either laminin or H&E-stained blood vessels on digital micrographs (QImaging CCD camera; and Openlab software; Improvision). 
RESULTS
Conditional Knockdown of Tbdn-1 in Endothelium of TIE2/rtTA/Enh-TRE/ASTBDN-1 Bitransgenic Mice
To explore the role of Tbdn-1 in endothelium in vivo, we generated a binary antisense TBDN-1 (ASTBDN-1) transgenic mouse model (TRE/ASTBDN-1 and TIE2/rtTA/Enh) driven by the tetracycline-responsive element (TRE) and the rtTA cDNA under the control of the TIE2 endothelial promoter, to conditionally suppress Tbdn-1 expression after Dox treatment ( Fig.  1 ). The TIE2 promoter confers transgene expression in all endothelial cells, including retinal endothelium in vivo. 19 Expression of the rtTA protein in the vasculature of mouse lines identified to contain the TIE2/rtTA/Enh sequences was confirmed by Western blot and immunohistochemical analyses of tissues such as the endocardium and bone marrow blood vessels compared with nontransgenic control mice (Fig. 2a, 2b and not shown). Mice harboring both TIE2/rtTA/Enh and TRE/ ASTBDN-1 transgenes were treated with Dox and analyzed for efficacy in specifically suppressing Tbdn-1 levels in the endothelium. Dox-induced TIE2/rtTA/Enh-TRE/ASTBDN-1 mice showed suppression of Tbdn-1 protein expression in both retinal blood vessels and bone marrow blood vessels, when compared with bitransgenic noninduced animals or singletransgene Dox-induced control animals (Figs. 2c-f and not shown).
To confirm our immunohistochemical findings that Doxinduced TIE2/rtTA/Enh-TRE/ASTBDN-1 mice show suppression of Tbdn-1 protein expression in retinal blood vessels, Western blot analysis for Tbdn-1 was performed on isolated retinal tissues from Dox-induced TIE2/rtTA/Enh-TRE/AST-BDN-1 and control mice. As shown in Figure 3 , retinal tissue from 6-week Dox-induced TIE2/rtTA/Enh-TRE/ASTBDN-1 mice showed a decrease in the 69-kDa Tbdn-1-specific protein band (Fig. 3 , left, lane 3, and right, lane 2) compared with wild-type (Fig. 3 , left, lane 1) and rtTA single transgenic (Fig 3, left, lane 2, and right, lane 1) control animals.
To confirm that the specific knockdown of Tbdn-1 expression in double-induced transgenic mice does not result from the loss of retinal blood vessels, basal lamina of retinal blood vessels of either noninduced or Dox-induced TIE2/rtTA/Enh-TRE/ASTBDN-1 were stained for laminin. Laminin staining of sections adjacent to those showing Tbdn-1 suppression revealed the presence of complex vascular networks, ruling out the loss of retinal blood vessels in Dox-induced TIE2/rtTA/Enh-TRE/ASTBDN-1 mice (Figs. 2g, 2h) . Moreover, laminin staining of the basal lamina of retinal blood vessels indicates a focal increase in blood vessel density in Tbdn-1-suppressed retinas, compared with control specimens (Figs. 2g, 2h, 4a, 4b) .
Effect of Conditional Knockdown of Tbdn-1 in Endothelium
Morphologic assessment of retinas in Dox-induced TIE2/rtTA/ Enh-TRE/ASTBDN-1 mice in which Tbdn-1 was suppressed in endothelial cells (n ϭ 15) revealed a phenotype characterized by the formation of preretinal membranes displaying retinal neovascularization, fibrovascular growth, and retina-lens adhe- (Fig. 6) , whereas control mice did not show retinal disease with prolonged Dox induction. TIE2/rtTA/Enh-TRE/ASTBDN-1 mice fed Dox for 2 weeks showed thickening of the retina and the beginning of the formation of a preretinal membrane harboring neovascular elements in focal areas of the retina (Figs. 6a, 6b) . Six weeks after suppression of Tbdn-1 in endothelium, the retinal fibrovascular lesions increased in size (Figs. 6c, 6d) . At 6 weeks, retina-lens adhesions, lens-retina fusions, and penetration of aberrant blood vessels through the lens capsule into the lens were evident in some specimens (Figs. 5e, 5f ). At a period of 10 to 12 weeks of Tbdn-1 suppression, the fibrovascular lesions of the retina often filled the vitreal space and adhered to the lens (Figs. 5d, 6e, 6f) .
Morphology of Tbdn-1-Suppressed Retinal Lesions
To further characterize the fibrovascular lesions associated with endothelial knockdown of Tbdn-1, we analyzed expression patterns of ECM components by immunohistochemistry in Dox-induced TIE2/rtTA/Enh-TRE/ASTBDN-1 mice. Laminin expression was used as a marker to label the abnormal retinal vascular network in Dox-induced TIE2/rtTA/Enh-TRE/AST-BDN-1 mice and in blood vessels of control retinas (Fig. 4) . Sections adjacent to those stained for laminin were analyzed for expression of basement membrane HSPG by using two different anti-basement membrane HSPG monoclonal antibodies (C17 and -33). Results using both anti-HSPG antibodies revealed that expression levels of basement membrane HSPG in blood vessels of retinal lesions resulting from Tbdn-1 suppression were very low or undetected compared with normal retinal blood vessels expressing normal levels of Tbdn-1 (results using antibody C17 shown in Figs. 4c, 4d) . Moreover, knockdown of Tbdn-1 expression in endothelium also resulted in a global decrease in retinal basement membrane HSPG expression, including retinal blood vessels localized outside the fibrovascular lesions in areas where the retina appeared normal (Fig. 4e, 4f) .
To characterize further the type of cells present in the retinal lesions of Tbdn-1-suppressed animals, retinas of Doxinduced TIE2/rtTA/Enh-TRE/ASTBDN-1 mice were analyzed for expression of ␣-SMA, a myofibroblast cell marker, and GFAP, a glial cell marker. Expression of ␣-SMA was detected in the fibrovascular lesions of Dox-induced TIE2/rtTA/Enh-TRE/ ASTBDN-1 mice (Fig. 7a) . ␣-SMA immunostaining in the retinal lesions appeared to be concentrated around larger blood vessels in a continuous pattern, rather than in a discontinuous one [1] and [2] ) and control mice (control [1] , [2] , and [3] ). Retinal tissue from separate 6-week Dox-induced TIE2/rtTA/Enh-TRE/ASTBDN-1 mice showed a decrease in the 69-kDa Tbdn-1-specific protein band compared with wild-type (control [1] ) and TIE2/rtTA/Enh transgenic control animals (control [2] and [3] ), respectively. The nonspecific band indicated did not vary in these samples, indicating that the knockdown of the Tbdn-1 69-kDa protein band is specific.
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that would indicate the normal pericytic coverage of capillaries. ␣-SMA staining outside the retinal lesions in Tbdn-1-suppressed animals displayed an expression pattern similar to control retinas ( Fig. 7c and not shown). Fibrovascular retinal lesions resulting from Tbdn-1 suppression also show an increase in the number of cells positive for GFAP staining compared with control retinas expressing normal levels of Tbdn-1 (Figs. 7b, 7d) . However, the increase in the number of GFAPpositive cells in Tbdn-1-suppressed retinas was restricted to the fibrovascular lesions (data not shown).
Location of Disease Associated with the Endothelial Knockdown of Tbdn-1
Although retinal lesions in Tbdn-1-suppressed mice showed neovascularization with highly abnormal blood vessels and fibrovascular proliferation (Figs. 2, 4 , 5, 6, 7), we next quantified the tissue morphometrics to understand better the relationship between retinal and choroidal blood vessel density and changes in tissue thickness resulting from the fibrovascular proliferation. Blood vessel densities in the inner retinal layers including inner limiting membrane (ILM), ganglion cell layer (GCL), inner plexiform layer (IPL), and inner nuclear layer (INL) were not significantly different in Tbdn-1-suppressed retinas compared with control specimens (Fig. 8a) . However, the outer plexiform layer in Tbdn-1-suppressed retinas showed a significant increase in blood vessel density compared with control animals after 2 weeks of Dox-induction but not after 6 or 12 weeks (Fig. 8a) . Tissue thicknesses in both the inner and outer retinal layers were significantly increased with length of time of Dox induction from 2 to 12 weeks in Tbdn-1-suppressed retinas compared with control specimens (Fig.  8b ). Blood vessel densities in the choroid of Tbdn-1-suppressed mice were significantly increased (1.8-fold) at 2 weeks of Dox induction compared with control specimens (Fig. 8c) . By 12 weeks of Dox induction, the tissue thickness of the choroid was significantly increased in Tbdn-1-suppressed retinas compared with control specimens (Fig. 8c) . The increased blood vessel density in the outer retina and choroid at 2 weeks of Dox-induction was confined to areas associated with retinal lesions of Tbdn-1-suppressed mice. These results indicate that blood vessel density increases significantly in the outer plexiform and choroid regions soon after endothelial suppression of Tbdn-1 (2 weeks), whereas tissue thickness of the retina and choroid increases mostly with length of time of Tbdn-1 suppression.
Because the TIE2 panendothelial promoter was used for targeting expression of antisense TBDN-1 exclusively to all endothelial cells, it is conceivable that the vasculature of tissues other than the retina might be susceptible to the potentially deleterious effects of Tbdn-1 suppression. To investigate, we analyzed several adult tissues of Dox-induced TIE2/rtTA/ Enh-TRE/ASTBDN-1 mice in comparison with control animals : (a, c, e) ϫ100; (b, d, f) ϫ250. for disease and for blood vessel integrity, by using endothelial cell and blood vessel markers. Kidney, bone marrow, heart, salivary gland, lung, spleen, liver, brain, and testes from Doxinduced TIE2/rtTA/Enh-TRE/ASTBDN-1 mice all showed no difference in overall blood vessel density compared with control animals. Figure 8d shows representative blood vessel density in the kidney cortex. Furthermore, areas along surfaces of brain ventricles, (which most closely approximate the anatomy of inner retinal layers) of Dox-induced TIE2/rtTA/Enh-TRE/ ASTBDN-1 mice showed no difference in blood vessel density in comparison with control animals (not shown). Therefore, the neovascularization as well as the pathologic changes evident in Dox-induced TIE2/rtTA/Enh-TRE/ASTBDN-1 mice appear to be specific to the retina and choroid.
DISCUSSION
The suppression of Tbdn-1 expression in mouse endothelium resulted in several pathologic features observed in human proliferative retinopathies including retinal neovascularization, preretinal fibrovascular proliferation, and retina-lens adhesions. Manipulation of specific protein expression has been demonstrated to induce retinal neovascularization in vivo. Previously described models of neovascular retinopathy include overexpression of growth factors. Transgenic mouse models of VEGF overexpression in the retina have been sufficient to cause retinal neovascularization and tractional retinal detachment. 23, 24 Transgenic mice overexpressing PDGF-B in photoreceptors soon after birth undergo development of retinal lesions harboring glial, endothelial, and pericyte elements, leading to retinal detachment. 25 However, in contrast to Tbdn-1, the effects of endothelial ablation of PDGF-B are not restricted to the ocular vascular bed, 26 whereas VEGF, an endothelium-specific growth factor, can affect the vasculature of most tissues. [27] [28] [29] In the adult, high levels of Tbdn-1 expression are restricted to specialized vasculature, including ocular blood vessels, bone marrow capillaries, atrial endocardium, and blood vessels of regressing ovarian follicles. 16, 17 The restriction of pathologic changes to the retina and choroid in Dox-induced TIE2/rtTA/Enh-TRE/ASTBDN-1 mice indicates that the effects resulting from Tbdn-1 suppression in endothelia is highly specific to retinal and choroidal blood vessels. The lack of disease in other adult tissues might be explained either by the absence of Tbdn-1 expression in the corresponding vascular bed, 16, 17 by the absence of a critical binding partner or cofactor important for mediating Tbdn-1 activity in the given tissue, or by presence of a Tbdn-1 homologue that may act in a compensatory manner during Tbdn-1 suppression. Such possible binding partners may include mammalian orthologues of the yeast ARD1 acetyltransferase. 30, 31 The Tbdn-1 homologue NAT1 protein, which is expressed in mammalian brain tissue and may play a role in regulating neural responses to cell signaling through the N-methyl-D-aspartate pathway, 30 may function in a redundant manner in brain in the absence of Tbdn-1.
Recent published work of others and results presented herein indicate two possible mechanisms that may link decreases in Tbdn-1 expression levels with aberrant retinal blood vessel proliferation. The first possible mechanism of action by which suppression of the Tbdn-1 pathway may lead to retinal blood vessel proliferation may include affecting the stability and/or activity of proteins involved in regulating angiogenesis through acetylation. The acetyltransferase ARD1, which binds the Tbdn-1 homologue of NAT-1, plays a role in the targeted degradation of HIF-1␣ in mammals. 32 HIF-1␣ regulates VEGF expression during hypoxia and can promote blood vessel proliferation through its induction of VEGF. 33 Suppression or absence of one or more of the acetyltransferase complexbinding partners may disrupt and alter activity of the complex. The disruption of acetyltransferase complexes involving ARD1 or Tbdn-1 may promote the stabilization of HIF-1␣ and the production of cytokines promoting neovascularization in the retina.
The second possible mechanism of action by which suppression of the Tbdn-1 pathway may regulate retinal blood vessel proliferation may include deregulation of the expression of HSPG in retinal blood vessels. Our results suggest that Tbdn-1 is an upstream regulator of HSPG expression in blood vessel basement membranes of the retina, since suppression of Tbdn-1 expression leads to loss of HSPG from retinal blood vessel basement membranes. Thickening and alteration of the vascular basement membrane are well-known features associated with proliferative retinopathies. 12, 34 Basement membrane ECM constituents provide a tissue-specific barrier between endothelial cells and underlying connective tissues and participate in controlling angiogenesis. 35 Altered expression patterns of ECM constituents could promote the disorganization and breakdown of vascular basement membranes and eventually lead to endothelial cell proliferation. 35 The loss of HSPG from basement membranes has been implicated in the breakdown of blood vessel integrity in diabetic nephropathy. 36 -38 Moreover, retinas of diabetic rats show a decrease in the synthesis and expression of the HSPG perlecan. 39 Knockout models of the perlecan gene have been generated but are not informative for evaluating perlecan's role in retinal neovascularization, since the perlecan-null phenotype results in pre-or perinatal lethality. 40 Analysis of the functional importance of blood vessel basement-membrane-specific HSPG such as perlecan must await conditional gene targeting studies that would allow an evaluation of the specific role HSPGs may play in retinal blood vessels. HSPG can regulate the activity of angiogenic factors (e.g., VEGF, bFGF) by regulating the binding to their respective receptor on endothelial cells. 41, 42 Currently, it is not clear whether suppression of basement membrane HSPG in retinal blood vessels of Tbdn-1-suppressed mice is the result of a reduction in HSPG synthesis or an increase in HSPG degradation. Future studies will focus on the identification of specific basement membrane HSGPs regulated by Tbdn-1 and the mechanisms of action underlying this process. Although retinal detachment is common in later stage PDR, in rodents, retinal detachment is rare. 43 Nevertheless, the retinal disease in Dox-induced TIE2/rtTA/Enh-TRE/ASTBDN-1 mice displayed several features that could promote tractional retinal detachment. The Tbdn-1-suppressed retinas showed retina-lens adhesions and invasion of the lens capsule and lens by blood vessels from the adjacent fibrovascular lesional tissue. The fibrovascular lesions in Tbdn-1-suppressed retinas showed an increase in the numbers of cells expressing the glial marker GFAP compared with control retinas. In conjunction with an increase in GFAP-positive cells, the myofibroblastic marker ␣-SMA is increased in large-caliber blood vessels in the retinal lesions. Myofibroblasts expressing ␣-SMA and glial cells expressing GFAP are thought to be involved in the formation of retinal lesions possessing contractile forces that promote retinal detachment in retinopathy. 44 -50 The presence of ␣-SMA in larger caliber blood vessels in GFAP positive lesions supports the view that the exertion of contractile force and subsequent tractional retinal detachment is possible in the advanced retinal lesions of Tbdn-1-suppressed mice. The retinal disease in Doxinduced TIE2/rtTA/Enh-TRE/ASTBDN-1 mice is accompanied by a progressive increase in retinal and choroidal tissue thickness that is reminiscent of the pronounced retinal thickening occurring in proliferative diabetic retinopathy and macular edema in humans 1,2,5,13,17 (reviewed in Refs. 51, 52) . The significant retinal tissue thickening (and thus increased tissue volume) in inner retinal layers and choroids of Dox-induced TIE2/rtTA/Enh-TRE/ASTBDN-1 mice is probably the reason that retinal blood vessel density in the ILM, GCL, IPL, and INL does not change significantly from control with length of time of Tbdn-1 suppression, despite the obvious histopathological changes in the blood vessels feeding these areas of retinal disease (Figs. 2, 4, 5 6, 7) . Despite the remodeling of the retinal tissue in Dox-induced TIE2/rtTA/Enh-TRE/ASTBDN-1 mice to increase retinal tissue volume effectively, we still detected significant increases in blood vessel density in deeper retinal tissue (outer plexiform layer [OPL] ) and in the choroid. These results indicate that the Tbdn-1-suppressed mice also have subretinal neovascularization. Subretinal neovascularization is a rare occurrence in genetic mouse models of retinal disease, has been associated only with two mouse models thought to replicate disease occurring in human age-related macular degeneration. 53 , 54 The disease we report in the current study in deeper retinal layers and choroid in TIE2/rtTA/Enh-TRE/ ASTBDN-1 mice suggests that Tbdn-1-suppressed mice may also be useful for modeling the subretinal neovascularization in human age-related macular degeneration.
The conditional knockdown of Tbdn-1 in endothelium in the TIE2/rtTA/Enh-TRE/ASTBDN-1 bitransgenic model clearly provides evidence of the necessity of Tbdn-1 expression for the maintenance of adult retinal and choroidal blood vessel homeostasis by suppressing abnormal blood vessel growth. The phenotype associated with Tbdn-1 suppression in endothelium resembles the sight-disrupting disease observed in human proliferative retinopathy. This, together with our previous evidence of Tbdn-1 suppression in the retinal endothelium in patients with PDR, 17 supports the hypothesis of a contributing role of the loss of Tbdn-1 expression in the progression of proliferative retinopathies. Tbdn-1 may serve as a valuable pathway for developing new therapies aimed at controlling proliferative retinopathies.
